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This paper elucidated the microstructural and porosity evolution of alkali activated slag at
800 C up to 1200 C. The microstructural analysis obtained shows the changes in surface
densification of glassy phase and nucleation of dynamical grains within the alkali activated
slag when in contact with high heating temperature. Using synchrotron radiation X-ray
tomographic microscopy, the number of pores in alkali activated slag decreased with
increasing heating temperature. The 3D pores distribution also demonstrated significant
increase in the range size of ~20 mm with the appearance of isolated and intergranular
pores at 1200 C. These changes also led to the anorthite crystallisation indicated by high
angle grain boundaries and preferred crystal orientation. The evolution of porosity and
crystalline phase is contributed to the development of internal strain after heating at high
temperature environment.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Over a decade, the utilization of slag in cement and concrete
researches based on alkali activation has been studied. Alkali-
activation of slag is an alternative material for slag-blended
and ordinary Portland cement. Alkali-activated material hasm (I.H. Aziz), mustafa_a
.or.th (S. Yoriya), jitrin@s
by Elsevier B.V. This is
).outstanding advantageous properties such as better strength
development, excellent durability, lower environmental im-
pacts and preferable thermal stability. Frequently, the pro-
duction of alkali activated slag (AAS) can be formed through
chemical reaction of sodium hydroxide, sodium silicate and
waste metal precursor slag such as ground granulated blast
furnace slag, steel slag and copper slag [1e3].lbakri@unimap.edu.my (M.M.A.B. Abdullah), arifanuar@unimap.
lri.or.th (J. Chaiprapa), catleya@slri.or.th (C. Rojviriya), long-yuan.
an open access article under the CC BY-NC-ND license (http://
Table 1e Composition of ground granulated blast furnace
slag obtained by X-ray fluorescence.
Element wt (%)
Aluminium oxide (Al2O3) 10.50
Silicon dioxide (SiO2) 30.40
Calcium oxide (CaO) 50.37
Magnesium oxide (MgO) 3.20
Iron (III) oxide (Fe2O3) 0.53
Phosphorus pentoxide (P2O5) 0.04
Sulphur trioxide (SO3) 0.58
Sodium oxide (Na2O) 0.28
Potassium oxide (K2O) 0.32
Titanium dioxide (TiO2) 0.98
Manganese oxide (MnO) 0.99
j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 0 ; 9 ( 6 ) : 1 5 8 9 4e1 5 9 0 7 15895Alkali activated slag is an inorganic material that has been
discovered displaying excellent performance in thermal sta-
bility at high temperature exposure. Referring to the studies
by Davidovits [4] the ceramic-propertieswas emphasizedwith
the formation of several crystalline aluminosilicate phases
with high melting point of up to 1000 C. This physiochemical
characteristic obtained is essential to preserve the structural
integrity upon heating at high temperatures. Alkali activated
slag binder is commonly synthesized in ambient temperature
[5,6] and formed in amorphous phase. As heating temperature
increases, the evolution of crystalline phase began to appear.
In recent studies, the characteristic of concrete at elevated
temperature is the major concern while considering the
structure durability for high performance application [7,8].
Presently, the research on alkali activated slag at high
temperature exposure mainly evaluates on several aspects
namely strength properties, physical appearance, micro-
structural changes and crystallinity behavior [9,10]. Park et al.
[11], investigated the physical behavior and chemical property
of alkali activated fly ash/slag at high temperature condition.
Unconfined compressive test was conducted after exposure to
high temperatures on AAS samples. Test results indicated
that the crystallisation of the binder gel contributed to
porosity phenomena and resulted in strength deformation at
temperature above 400 C. Rovnanik et al. [12], recently pre-
pared the alkali activated slag paste exposed up to tempera-
ture of 1200 C, the strength properties slightly increased
although it implies continuous changes in pore distribution
and resulted in higher porosity. Moreover, an irregular cal-
cium aluminosilicate structure fills the space between aker-
manite crystals. However, in contrast with the findings by
Burciaga-Diaz et al. [13] reported the crystallisation of alkali
activated slag/metakaolin up to 1200 C traces the formation
of calcite, quartz and akermanite which is believed to be the
worst performance in terms of strength. Despite the impor-








A 937.5 223.21 89.3
B 937.5 223.21 89.3
C 937.5 223.21 89.3temperature condition, pore structure and crystallinity
behavior of a heterogenous material also play a key role. The
crystalline phase and pore network of alkali activated slag can
be obtained using the x-ray diffraction, microtomography,
mercury intrusion porosimetry and microstructure [14,15].
However, the major limitation of this conventional technique
is inadequate analysis about three-dimensional data and
detailed crystallographic, microstructural observation, which
is essential to precisely determine the pore network and grain
connectivity. Understanding the microstructural evolution of
the alkali activated slag at high heating temperature is
therefore vitally valuable for cement and concrete materials.
There are some shortcomings of the conventional method
of scanning electron microscopy (SEM) which only provides
the pore shape assumption and determining phase connec-
tivity information in 2D images [16,17]. Otherwise, highly
connected pore network is hard to be obtained for alkali
activated slag from the segmented pore if the conventional x-
ray tomography (m-CT) was used [18]. Synchrotron X-ray to-
mography (SXTM) allows a three-dimensional image of pores
and the network arrangement with a high resolution [19].
Electron back scatter diffraction (EBSD) is a technique which
has provided a detailed understanding of the crystallography
microstructural behavior of polycrystalline material [20]. This
advanced technique performed with scanning electron (SEM)
was utilized to measure crystal orientation in ceramic fabri-
cated samples [21,22] among other areas of steel [23,24] and
electronic materials [25,26], but which has not previously
analysed for the alkali activated materials. Furthermore, the
details of phase mapping, grain boundary characteristic,
grains size, crystallographic texture and strain analysing
within the materials are easily obtained using EBSD. The im-
aging of strain orientation can be applied to distinguish the
grains deformation and recrystallisation [27,28].
The aims of this current work are to characterise the pore
network and crystallographic microstructural evolution of
alkali activated slag at high heating temperature using syn-
chrotron X-ray tomographic microscopy (SXTM) and EBSD
technique. Based on these results, the correlation between
pore network and crystallography in alkali activated slag at
high temperature environments is summarized. The derived
observations are correlated with the strain analysis obtained
using advanced technique of EBSD.2. Materials and methods
2.1. Sample preparation and experimental details
The samples used in this work was formed by the alumino-









Fig. 1 e Detail of alkali activated slag sample preparation
for EBSD technique.
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Table 1 (determined by bench top X-ray fluorescence spec-
trometer; PW4030). The liquid sodium silicate (Na2SiO3) used
was supplied by South Pacific Chemical Industries Sdn. Bhd.,
Malaysia consists of 30.1% SiO2, 9.4% Na2O and 60.5% H2O
(SiO2/Na2O ratio ¼ 3.2). The sodium hydroxide solution was
prepared to a concentration of 10M.Fig. 2 e Detail SEM-EDS micrograph of grain on alkali activated
and (c) 1200C. Elemental composition of the crystalline (d) gehThe precursor samples used was solely 100% GGBFS acti-
vated using solid pellet sodium hydroxide and liquid of so-
dium silicate, at a solid to liquid ratio (S/L) of 3.0 and alkaline
activator ratio (S/N) of 2.5. The selected mixing design was
choose based on the optimum compressive strength [29]. The
details of the mixture design of the samples are tabulated in
Table 2. The precursor slag powder was mixed with alkaline
activator solution for 5 min, then being casted into 2.5 mm
diameter x 3 mm height cylinders which were sealed to
minimize moisture loss and cured at room temperature for 28
days. Three samples were subjected to three different heating
temperatures (800 C, 1000 C, and 1200 C) with a heating rate
of 10 C/min and soaking time for 1 h by using standard
electrically-heated furnace.2.2. Characterisation
2.2.1. Microstructural characterisation and chemical bond
analysis
The microstructural changes of heated alkali activated slag
was performed by using JSM-6460LAmodel Scanning Electron
Microscope (JOEL) equipped with secondary electron detector
and energy-dispersive x-ray spectroscopy. The samples were
coated with palladium. The microstructure analysis was car-
ried out at 10 kV acceleration voltage with 10 mm working
distance.
Fourier infrared spectroscopy analysis (FTIR) was carried
out to identify shifting functional groups of the produced
heated alkali activated slag by using PerkinElmer RX1 spec-
trometer in transmittance mode with a frequency rangedslag at various heating temperatures (a) 800C, (b) 1000C,
lenite grain and (e) anorthite grain.
Fig. 3 e IR spectra of alkali activated slag at various heating temperatures.
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specimens were evaluated by applying Potassium Bromide
(KBr) pellets methodology.
2.2.2. Synchrotron radiation X-ray tomographic microscopy
(SXTM) and micro X-ray fluorescence (m-XRF)
The element distribution of heated alkali activated slag was
performed by using synchrotron m-XRF at BL6b beamline at
the Synchrotron Light Research Institute (SLRI), Thailand. The
size of the white X-ray beam was generated from a bending
magnet with the limitation of beam size using a circular
aperture and a polycapillary lens to focus (beam size of
30 mm 30 mm) on the samples [30]. The energy of micro X-ray
beam would have been 2e12 keV without monochromator
feature. The samples were placed 90 level between the ccd
camera and X-ray beam, while the Vortex EM-650 silicon drift
detector was used to amass the emitted fluorescent X-ray
from the samples. The experimentswere performed in helium
gas atmosphere and the exposure time for each pointwas 30 s.
A total scan of 2380 points was obtained with a detector time
close to 20%. The results were then analysed using the PyMca
software [31].
The heated samples of alkali activated slag were used in
the current study. Each sample was placed in a cylindrical
sample holder filled with cottons soaked in formaldehyde
solution to prevent displacement and dehydration during
tomographic scanning. SXTM experiments were conducted at
the Synchrotron XTM beamline (BL1.2 W: X-ray imaging and
tomographic microscopy), Synchrotron Light ResearchInstitute, Thailand. The SXTM imaging of heated alkali acti-
vated slag was carried out using filtered polychromatic X-ray
beam with a maximum area of 4  8 mm2 at 10 keV, at a
distance of 34 m from the source [32]. The sample projections
were equipped with 200-mm-thick YAG:Ce scintillator, the
white beam microscope (Optique Peter, France) and the
pco.edge 5.5 sCMOS camera (2560  2160 pixels, 16 bits). The
total tomographic scan was obtained at a pixel size 1.44 mm,
which provides a field of view (3.1  3.7 mm2). Two scans of
reconstruction tomographic volume were performed to
determine the fine details of heated alkali activated slag. The
first scan was captured over 180 and the other 180 scan was
captured on vertical axis of rotation as shifted parallel and
horizontally to the actual camera [33]. Afterwards, the X-ray
projection were normalized by flat-field correction, stitched,
and reconstructed using Octopus software [34]. The 3D images
of tomographic volume were rendered using Drishti software.
2.2.3. Electron backscatter diffraction (EBSD) technique
The heated alkali activated slag samples were mechanically
grounded with a series of SiC papers from 600, 1000 and 2000
grit followed by grounded with diamond pad from 250 mm,
74 mm and 20 mm. Then, the samples were polished using
diamond pastes (9 mm, 6 mm and 1 mm). The detail of sample
preparation was portrayed in Fig. 1. Microstructural evolu-
tions of the specimens were investigated by EBSD with a
Nordlys-II(S) detector attached to HITACHI -SU8230. During
the EBSD characterization, the samples were tilted about 70
and operated at 25 kV. A working distance of 24 mm was
Fig. 4 e Various porosity size distribution at various heating temperatures (a) 800 C, (b) 1000 C, (c) 1200 C and (d) total
porosity of alkali activated slag.
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step size of 1.5 umwas applied. Analysis of acquired data was
carried out using the Emax Evolution software and have been
collected in Inorganic Crystal Structure Database (ICSD).3. Result and discussion
3.1. Microstructural observation
Fig. 2 depicts the SEM images of the alkali activated slag
heated at various temperatures (a) 800 C, b) 1000 C ,and c)
1200 C. Pores appearance was observed in all heated alkali
activated slag. By referring to Fig. 2a, it can be seen that the
microstructure consists of abnormally grown large grains and
small matrix grains with the presence of partial cracks on the
periphery of the grains. The presence of the cracks would be
cut across the grains to form a network as the heated tem-
perature is increased. It can be noted that the microstructure
consists of smaller grains as the temperature is increased up
to 1000 C.
The alkali activated slag heated at 1000 C retains higher
pores and grain growth as displayed in Fig. 2b. Thus, higher
heated temperature can obviously promote grain growth and
densification of alkali activated slag. A significant increase in
densification surface was observed after heating at 1200 Cwith high number of larger pores dominating the alkali acti-
vated slag matrix (Fig. 2c). The development of these pores
indicated that the sintered necks started to grow, resulting in
material densification. Additionally, the dense heated sample
(Fig. 2c) displayed a shiny surface and formed a glassy phase
during heating at 1200 C which is the basis of a glaze.
The results of EDS revealed that the elemental composition
of the crystalline grains (Point A and Point B) was consistent
with that of gehlenite and anorthite grains, respectively. A
similar result was also found by Liu et al. [35]. The phase
development in the glassy phase suggested the crystallisation
of anorthite at high temperature environment. Previous study
by Han et al. [36] also described the crystallisation of anorthite
phase was developed from the eutectic melt of gehlenite after
heating up to 1200 C. It can be concluded that the heating
temperature of 1200 C is quite sufficient for anorthite
appearance to amajor amount. The SEM and EDS results were
in good agreement with the SXTM and EBSD results to be
discussed in next section, whereby the pore and mineral
phase formed are related to the microstructural evolution of
alkali activated slag at high heating temperatures.
3.2. Chemical bond analysis
The IR spectra of alkali activated slag at various heating
temperatures are presented in Fig. 3. The IR spectrum of alkali
Fig. 5 e Micro-XRF elemental distribution maps of CaeAleSi in alkali activated slag at (a) 800 C, (b) 1000 C, and (c) 1200 C
heating temperatures.
Table 3 e Peak observation of alkali activated slag at various heating temperatures.
Heating temperature (C) Peaks (counts)
Ca-element Si-element Al-element
800 K-a (0.18  105) K-a (0.22  103) K-a (0.26  102)
1000 K-a (0.77  104) K-a (0.69  102) K-b (0.10  102)
1200 K-a (0.84  104) K-a (0.82  102) K-a (0.13  102)
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Fig. 6 e EBSD-mineral phase fraction on alkali activated slag at (a) 800 C, (b)1000 C, (c)1200 C and (d) phase fraction of
crystalline mineral formation.
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910 cm1 corresponding to the stretching vibrations of
SieOeSi/Al aluminosilicates and is an indicator of the alkali
activated slag network formation [37]. The weak vibration
modes at 3400-3800 cm1 were in correspondence to OH-
stretching vibration. The peak observed at 1430-1510 cm1
was assigned to the formation of carbonate compound (CO)3
2.
The transformation of spectral character with heating tem-
perature occurred can be referred to Figs. 3aec. It is evident
that in the slight broadening of the spectral region of
810e910 cm1 in samples heated at temperatures up to
1200 C, in the same regions, the spectra contains band of
gehlenite at 845-860 cm1 [38]. The spectral region of
655e695 cm1 in alkali activated slag becomes wider and
shifts to higher wave number (693 cm1) at 1200 C. Simulta-
neously, the spectral region of 1490e1510 cm1 decreased as
the heating temperature is increased due to the decomposi-
tion of calcite [39].
The small band at 850-860 cm1 was corresponding to
orthosilicate (SiO4) compositions and attributed to symmetric
stretching vibrations of silica tetrahedra with four non-
bridging oxygen (NBOs) [40]. This wavenumber wasdisappeared after heated up to 1200 C due to the connection
of NBOs with AleO and SieO tetrahedral to form the crystal-
line anorthite. Presence of anorthite was also evident from the
EDS spectroscopic result. The existence of the huge band at
910 cm1 (Fig. 3c) is attributable to the strongest band of
anorthite. It is also related to the AleOH vibrations [41,42] and
bridged with the vibrations of SieOeAl which are formed by




To further investigate the porosity evolution of the alkali
activated slag at various heating temperatures, the synchro-
tron X-ray tomography (SXTM) technique was used. The
advantage of SXTM technique is that it accurately evaluates
the 3D pore structure of materials. Fig. 4 depicts the influence
of heating temperature on pore network in the alkali activated
slag samples. It can be seen that the overall porosity and pore
size distribution depend on the heating temperature envi-
ronment. Fig. 4a shows numerous pore structures in the size
range of ~10 mm (45.2%) to the total porosity of alkali activated
slag at 800 C. Fig. 4b and 4c reveal the pore size distribution at
Fig. 7 e Grain boundaries images of alkali activated slag at (a) 800 C, (b) 1000 C, and (d) 1200 C heating temperature.
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heating temperature at 1000 C and 1200 C, respectively. The
frequency of pores distribution revealed that the quantity ofFig. 8 e Misorientation angle distribution at (a) 800 C, (b)
1000 C and (c) 1200 C heating temperatures.smaller pores, especially in the range of ~20 mm is notably
higher than the larger pores as increasing the heating tem-
perature up to 1200 C, the isolated pores (16.6%) in the range
of ~20 mm are believed to contribute to the connected porosity
while the larger pores are mostly noticed to be inter-granular
pores due to the rapid growth of interparticle neck. This
observation is similar with the results of surface morphology
(Fig. 2).
Fig. 4d shows the reduction in total porosity of alkali acti-
vated slag after heated at higher temperature. The results
provide an indication that porosity in alkali activated slag are
unreachable after undergoing localised viscous sintering
which forms isolated pores network, and accounts for the
reduction in total porosity. Moreover, the reduction may also
be influenced by the densification behavior as the denser
surface is formed at 1200 C heating temperature. Commonly,
the densification process in alkali activated slag could be
categorized into three stages. In the first stage, it will undergo
particles packing and continue to the second stage which is
described by the diffusion process consisting of the grain
sliding and neck formation; lastly the third stage is related to
pores destruction predominantly through grain boundaries
[44]. Hence, a microstructure consisting of individual isolated
pores formed at the grain boundaries could be observed as
depicted in Fig. 2c.
3.4. Elemental distribution
In order to acquire an overview regarding the elemental dis-
tribution towards heating temperature, the alkali activated
slag was further analysed via synchrotron micro-XRF map-
ping. Fig. 5 illustrates the localised area and the micro-XRF
mapping in the alkali activated slag at 800 C (Fig. 5a),
1000 C (Fig. 5b) and 1200 C (Fig. 5c), signifying that the main
Si, Al and Ca are majorly located within the samples. Through
the result obtained from the synchrotron micro-XRF, the
elemental distribution, which reflected the minerals within
the alkali activated structure can be located precisely. The
distribution of Si with the combination of Al map allowed for
the identification of the alkali activated slag backbone
(SieOeAl/Si). The colours blue, green and red represent low,
medium and high intensities for each distribution element at
the integrated area. High concentrated of Si region (Fig. 5a)
indicates quartz grain. Based on the retrieved output, the Ca
distribution was present in the boundary of the hydrated slag
Fig. 9 e The dislocation activity within grain boundaries of alkali activated slag at (a) 800 C, (b) 1000 C and (c) 1200 C.
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calcite (CaCO3) and the boundaries of tobermorite (Ca5Si6-
O16(OH)2.4H2O) which is linked to the main structure.
The various heating temperatures resulted in significant
changes on the Al and Ca elemental distribution, edging it
towards to the formation of a stable crystalline phase. As
depicted in Fig. 5, the transition intensity of alumina K-a
(800 C) to alumina K-b (1000 C) was revealed, suggesting the
substantial formation of gehlenite mineral at high-
temperature crystallisation as tabulated in Table 3. At
1200 C, it can be seen that Al and Ca are of high intensity in
localised area, reflecting the formation of anorthite phase.
This Ca-rich crystalline mineral is believed to be contributed
to denser microstructure and glassy phase appearance, as
portrayed in Fig. 2. Otherwise, the crystallisation of anorthite
is promoted by the result of the calcination temperature.
Increasing calcination temperature higher than 1100 C will
encourage the transition process of anorthite from gehlenite
phase [45].
3.5. Mineral phase formation
The phase distribution of the alkali activated slag at various
heating temperatures has been successfully described using
an advanced technique of EBSD. The images of EBSD-phase
distribution of alkali activated slag at (a) 800 C, (b) 1000 C
and (c) 1200 C are presented in Fig. 6.
Phase identification of individual mineral are presented in
different colours at different heating temperatures. By refer-
ring to Fig. 6d, tobermorite (turquoise colour) dominated the
samples surface of phase fraction at 800 C (25.14%) and was
reduced to the 8.24% after heated up to 1200 C. The reduction
of phase fraction is also displayed by calcite (pink colour) from
13.75% to 3.98% andmayenite (red colour) from4.15% to 1.64%,
respectively. The black spot indicates the pores formation
during heating process and could contribute to further
cracking due to the atmospheric water vapour absorption. The
reduction of porosity also agreed with the finding in Section
3.3.
The phase distribution of gehlenite disappeared after being
heated up to 1200 C due to the lower thermodynamic stability
characteristic. Meanwhile, a contradict observation was ob-
tained using tobermorite, calcite andmayenite whereby thesemetastable mineral phases can withstand higher heating
temperature. The relatively small equiaxed grain was
observed with the whole phase distribution of alkali activated
slag consisting of anorthite phase (blue colour) at 1200 C as
shown in Fig. 6c. The typical diopside, hedenbergite and
anorthite were observed at higher heating temperature since
these calcium-based minerals are commonly formed in the
eutectic mixture [43]. It would be fruitful to correlate the grain
structure with the phase distribution to develop the infor-
mation about phase microstructure within the grain scale.
Thus, the details of grain behavior correlating with crystal-
linity in the alkali activated slag at various heating tempera-
tures will be discussed in the next section.
3.6. Grain boundaries measurement
Fig. 7 displays the grain boundary map of alkali activated slag
at various heating temperatures. By referring to the grain
boundary maps, the blue and grey lines represent the high
angle grain boundaries, HAGB (q > 15) and low angle grain
boundaries, LAGB (q ¼ 2~15), respectively. For the alkali
activated slag at 800 C, the high density LAGB can clearly be
seen as shown in Fig. 7a. This can be explained by the
occurrence of dislocation activity within the grains. Mean-
while, after the samples are heated at 1200 C (Fig. 7c), the high
density of HAGB was clearly observed which suggests the
dynamic recrystallisation (DRX) during heating process. As
heating temperature is increased, the enhanced density of the
HAGB can be distinguished, and so does the LAGB.
The HAGB development can be attributed to the high
heating temperature which increases the energy stored in the
alkali activated slag, consequently contributing to the nucle-
ation of the dynamically re-crystallised grains at the serrated
HAGB [46]. It can also be seen that the density of the LAGB
slightly decreased in the heated sample after being heated at
1200 C, which could be due to the occurrence of the eutectic
microstructure (Fig. 2c) from the transformation of LAGB to
HAGB. The influence of heating temperatures on misorienta-
tion angle distribution is depicted in Fig. 8. Referring to the
EBSD-phasemineral (Fig. 6), it can be visualized that gehlenite
was fully crystallised into anorthite after being heated up to
1200 C, which is a typical chemical reaction for anorthite
crystallisation at higher temperature (Eq. (1)) [47]. In order to
Fig. 10 e (a to c) Colored inverse pole figure (IPF) maps, (d) standard stereographic triangle and (e) pole figure of texture
evolution on {001} and {100} planes in alkali activated slag.
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misorientation angle grain distribution between the minerals.
Ca2Al2SiO7 (gehlenite) þ Al2Si2O7 þ SiO2/2CaAl2Si2O8
(anorthite) (1)
LAGB and HAGB are dominant at heating temperature of
800 C. The decrease of LAGB and HAGB after the heatingtemperature was higher is evident, due to increasing grain
boundaries within the alkali activated slag (Fig. 7b) as related
to the dislocation activity. However, some peak of LAGB
appeared (<10) for the sample heated at 1000 C. It can be
seen that at 50.5e175.5, there are peaks for the alkali acti-
vated slag samples heated at 1200 C (Fig. 8c). Noticeably, the
peaks obtained for anorthite mineral at 1200 C are higher
than gehlenite mineral heated below 1200 C, which could be
Fig. 11 e The strain contouring before and after threshold process on alkali activated slag at heating temperatures (a and d)
800 C, (b and e)1000 C and (c and f) 1200 C.
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eutectic microstructure surface during heating. This obser-
vation corroborates the ideas of Ma et al. [48] who suggested
that anorthite is identified as eutectic at high temperature
whereby it had readily reactedwith quartz and otherminerals
to form a eutectic mixture. Also, Schoneveld et al. [49] spec-
ulated that the capacity of iron oxides and quartz play a role
for the melting anorthite at high temperature.
The dislocation activity within the grains resulted from the
heating effect on the alkali activated slag. This kind of defectsimply moves throughout crystalline grains and develops in
permanent distortion. As can be observed in Fig. 9, the
microstructure displayed the grains development after the
increase in heated temperature. The result of microstructure
indicates that the appearance of fine grains is attributed to the
limited dislocation movements within the crystal grains. The
dislocationmovementwas stopped once a grain boundary has
been reached. The dislocation “pile-up” at the grain bound-
aries and there is no direction for the dislocation movement.
Hence, the formation of small grains has strengthened the
Fig. 12 e Area fraction of the strain on alkali activated slag
at various heating temperatures.
j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 0 ; 9 ( 6 ) : 1 5 8 9 4e1 5 9 0 7 15905material crystallinity [49]. The findings are consistent with
Hesabi et al. [50] that stated that the finer the grain sizes of the
crystal structure, the higher the mechanical properties of the
material would be. This phenomenon is also known as grain-
boundary strengthening or Hall-Petch strengthening [51].
3.7. Crystal orientation and texture evolution
Figs. 10ae10c display the colored inverse pole figure (IPF) map
and the alkali activated slag at various heating temperatures.
The color variation; red for {001}, green for {010} and blue for
{110} as depicted in standard stereographic triangle (Fig. 10d),
reflect the crystallographic orientation of each grain on the
samples. Additionally, the color variation within the grain
formation demonstrates variance in internal misorientations.
The appearance of more equiaxed microstructure and
average grain size of ~10 mm can be obtained from samples
heated at 1200 C (Fig. 10c). As supported by the grain
boundaries maps (Fig. 7c), it was confirmed that the grain
boundaries within the equiaxed grains are HAGB (q > 15),
with major difference in misorientation. This huge misorien-
tation is also reflected in the IPF maps whereby depicting
substantial colour variation within the grain interior. More-
over, Fig. 10e displays the experimental pole figure recorded
on {100} and {001} planes representing the texture of the alkali
activated slag at various heating temperatures. The textures
obtained on the samples at the same measurement areas
were analysed for the IPF maps in Fig. 10ae10c.
As heated at 800 C, the texture characteristic of the grains
on alkali activated slag presented randomly {001} and {100}
pole figures. As heating temperature is increased to 1000 C,
the {001} pole figure becomes weak while the {100} pole figure
obtains an ideal preferred texture. This was believed due to
the deformation of gehlenite grains with the reduction of
LAGB and HAGB as supported by Fig. 8b. Nevertheless, the
randomly oriented for {100} and preferred orientation for {001}
pole figures are obtained after the samples are heated at
1200 C. The textures present that the grain is preferentially
oriented as suggested by the anorthite crystallisation.
3.8. Strain localisation
The area fraction of strain on the alkali activated slag at
various heating temperatures had been quantitativelyanalysed as well as microstructural evolution has been con-
ducted as shown in Fig. 11. The red color indicates a higher
intensity of strain while blue represents a relatively lower
strain. The higher heating temperature on the alkali activated
slag was found to have significantly affected the strain
appearance, as higher temperatures are known to have
considerably increased the strain area fraction on the sam-
ples. It is observed that the strain distribution up to 1000 C
(Fig. 11b) is well distributed throughout the samples, indi-
cating that a strain was developed during heating. In alkali
activated slag at various heating temperatures, the heating
exposure induced phase crystallisation is known as the main
driver for microstructural evolution and grain boundaries
transformation. As heating temperature is increased up to
1200 C, an evolution of microstructural and higher strain
distribution is expected. The changes could be due to the
lower dislocation activity and thus, leading to higher storage
of thermal strain in the alkali activated slag structure.
Strain contouring maps revealed that the localize highest
strain intensity (red color) is about 5 mm. This is related to the
variation of thermal strain in various grains boundaries
depending on their crystallographic orientation. This was
supported by the finding by Wang et al. [52], who posited that
the higher number of grains boundaries resulted in the in-
crease of fracture toughness and thermal tolerance for
ceramic materials. Additionally, the qualitative measurement
of strain can be related to the grain boundary misorientation.
At 1200 C, the higher fraction of HAGB (Fig. 8c) decreased the
dislocation activity and thus developing the internal strain
(higher stored energy). The area fraction of the strain on
heated alkali activated slag showed a gradual increase from
3868.2 mm2 to 7511.8 mm2 following heated temperatures from
800 C to 1200 C as shown in Fig. 12, respectively.4. Conclusion
The microstructure and porosity evolution of alkali activated
slag at various heating temperatures were investigated
experimentally in this paper. The effect of high heating tem-
perature towards crystallography behavior and element dis-
tribution of alkali activated slag were examined. The
microstructure analysis showed that there are increasing the
densification surface and larger pores within the alkali acti-
vated slag matrix. The synchrotron micro X-ray tomography
and synchrotron X-ray fluorescence reveal that the higher
range (~50um) of pores distribution and intensity of localised
Al elements were determined at 1200 C.
The EBSD-phase distribution of the alkali activated slag
showed that the crystalline phases of tobermorite, calcite and
mayenite can withstand higher heating temperature. The
grain boundaries analysis associated with crystal orientation
confirm that the gehlenite was fully crystallised into anor-
thite. This is mainly due to the occurrence of dynamic
recrystallisation and preferred orientation for {001} pole figure.
Additionally, the crystallization of anorthite at 1200 C results
in higher equiaxed microstructure and high angle grain
boundaries (q > 15), which leads to the higher internal strain
distribution. Hence, it was revealed that the alkali activated
slag can withstand at high heating temperature up to 1200 C.
j o u r n a l o f ma t e r i a l s r e s e a r c h and t e c h no l o g y 2 0 2 0 ; 9 ( 6 ) : 1 5 8 9 4e1 5 9 0 715906This study highlights the development of alkali activated slag
technology at high heating temperature, by using an advance
techniques of synchrotron X-ray fluorescence, synchrotron X-
ray tomography and electron backscatter diffraction.Credit author statement
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